Synthetic hydrogels with tunable properties are appealing for regenerative medicine. A critical limitation in hydrogel design at low solids concentration is the formation of defects, which increase gelation times and swelling, and reduce elasticity. Here, we report that trifunctional cross-linking peptides applied to 4-arm poly-(ethylene glycol) (PEG) hydrogels decreased swelling and gelation time relative to bi-functional crosslinkers. In contrast to bi-functional peptides, the third cross-linking site on the peptide created a branch point if an intramolecular cross-link formed, which prevented non-functional "dangling-ends" in the hydrogel network and enhanced the number of elastically active cross-links. The improved network formation enabled mouse ovarian follicle encapsulation and maturation in vitro. Hydrogels with bi-functional crosslinkers resulted in cellular dehydration, likely due to osmosis during the prolonged gelation. For trifunctional crosslinkers, the hydrogels supported a 17-fold volumetric expansion of the tissue during culture, with expansion dependent on the ability of the follicle to rearrange its microenvironment, which is controlled through the sensitivity of the cross-linking peptide to the proteolytic activity of plasmin. The improved network design enabled ovarian follicle culture in a completely synthetic system, and can advance fertility preservation technology for women facing premature infertility from anticancer therapies.
Introduction
Hydrogels can have physical properties similar to native extracellular matrix [1] , making these biomaterials appealing for numerous applications in regenerative medicine. The physical properties of these hydrogels can be manipulated through parameters such as the polymer composition and the cross-linking chemistry, and have emerged as essential design parameters in promoting cell differentiation and tissue formation [2e5] . Despite the range of available chemistries [6] , many hydrogels have nonideal physical properties due to defects formed during the crosslinking process, leading to high swelling and loss of mechanical integrity [2, 3] . Defects arising from intramolecular cross-linking are termed primary loops, but other defects can be present due to an incomplete reaction of the cross-linking groups, or heterogeneity within the hydrogel [7, 8] . In ideal cross-linking, all cross-linking reactions are intermolecular, which is favored at high polymer concentrations [2] . However, the relatively low hydrogel solids content relevant to regenerative medicine applications leads to substantial intramolecular cross-linking between 2 functional groups on the same precursor molecule.
We investigated the design of cross-linking molecules that could form elastically active primary loops in order to enhance network cross-linking under conditions that favor defect formation, such as low solids content. Cross-linkers were designed that could provide a branch point regardless of whether an intra-or intermolecular reaction occurred. We hypothesized that cross-links that form elastically active primary loops would enhance network formation and attenuate the impact of defects. This impact of the network formation during cross-linking was characterized through hydrogel swelling and gelation time. We then applied the material data to design encapsulation conditions that simultaneously maintained the viability of the encapsulated cells and high cross-linking efficiency of the hydrogel.
The utility of the hydrogels in promoting tissue growth was investigated in a model of ovarian follicle maturation. In vitro systems for ovarian follicle maturation are being developed as a means to preserve fertility for females facing anticancer therapies [9] . In this clinical scenario, immature ovarian follicles would be isolated from the ovary prior to the exposure to a toxic treatment and cultured in vitro to produce mature oocytes for in vitro maturation (IVM) and subsequent in vitro fertilization (IVF). Creating an artificial environment for in vitro folliculogenesis that mimics native tissue presents a unique engineering challenge because the ovarian tissue exhibits spatio temporal dynamics with respect to the developmental stage of the follicle [10] . In particular, follicles undergo rapid volumetric expansion during the final stages of maturation that culminates in ovulation. The hydrogel crosslinkers were designed to degrade in response to proteases secreted by the follicle, which can locally decrease the hydrogel mechanics to permit follicle expansion, while maintaining the global integrity of the hydrogel. Hydrogel degradation was tuned through plasminsensitive cross-linking peptides [4] , which regulated somatic cell differentiation and successful germ cell maturation.
Materials and methods

Hydrogel materials
PEG diacrylate (3.5 and 10 kDa) and 4-arm PEG acrylate (PEG-Ac) (20 kDa) (Creative PEGworks: Winston Salem, NC) were used without further modification. PEG tetravinyl sulfone (PEG-VS) was synthesized from 4-arm PEG-OH 20 kDa (Creative PEGworks) as previously published [3] . In all swelling studies, the difunctional (2 cysteine groups) cross-linking peptide used was MMP sensitive (Ac-GKCDGPQGYIWGQDCKG) [11] , and the trifunctional peptide was plasmin sensitive (e.g., Ac-GCYKYNRGCYKYNRCG) [4] . All peptides were synthesized on a Rink Amide MBHA resin using standard 9-fluorenylmethoxycarbonyl (Fmoc) solid phase peptide synthesis on a CSBio 136 automated peptide synthesizer. Plasmin sensitive 3-arm cross-linking peptides having fast Ac-GCYKYNRGCYKYNRCG, intermediate Ac-GCYKYNSGCYKYNSCG, and slow Ac-GCYKYNDGCYKYNDCG degradation kinetics were synthesized for ovarian follicle encapsulation. The non-degradable (or very slow degrading [12] ) sequence was synthesized with D-isomers of tyrosine and asparagine surrounding the cleavage site of plasmin (Ac-GCY D KN D RGCY D KN D RCG).
PEG hydrogel preparation and swelling
Macromer functionality effect on hydrogel swelling (Fig. 2) was investigated using PEG-acrylates, which provided reaction rates that were sufficiently slow to produce homogenous hydrogels at concentrations up to 20%. PEG hydrogels were prepared by cross-linking 4-arm PEG-Ac with MMP and plasmin sensitive peptides (4:2 and 4:3 gels, respectively) and PEG diacrylate was cross-linked with plasmin sensitive peptides (2:3 gel). Precursors were dissolved in triethanolamine (TEA) buffer at a pH empirically determined to give the lowest degree of swelling, which were found to be in agreement with published pH levels [4] (0.3 M, pH ¼ 8.5 for 4:2 gel and pH ¼ 7.5e8 for 4:3 and 2:3 gels). The effect pH on reactivity, which has been studied in detail, is primarily influenced by the pK a of cysteine residues [13] on the peptide of interest. Gels (100 mL) were formed at varying final concentrations (3, 5, 10 and 20% w/v) and cross-linked for 1 h in 37 C humidified incubator, and then were swollen in deionized water overnight. To investigate the swelling properties of hydrogels under conditions that maintain ovarian follicle viability, 4 arm PEG-VS and peptides were dissolved in an isotonic HEPES buffer (HEPES 0.1 M, NaCl 0.1 M, pH ¼ 7.4). Gels were formed at varying final concentrations (3, 4, 5 and 10%) and cross-linked for varying time 10, 30, 60 min and overnight (O/N) in 37 C humidified incubator, and then were swollen in deionized water overnight. Q m values were calculated as the ratio of the wet weight of the gel following swelling and its dry weight following lyophilization.
Animals, follicle culture and imaging
Immature secondary follicles (140e150 mm in diameter) were mechanically isolated and selected [14] from 14 to 15 day old C57BL/6j Â CBA/Ca mice and individually encapsulated in a 5% PEG hydrogel. The PEG-VS and peptides were dissolved in the isotonic HEPES buffer (pH ¼ 7.4), mixed at a 1:1 volumetric ratio, and cast between parafilm-coated glass slides after individual follicle addition to each 5 mL gel. Gels were mixed at a reactive group stoichometric ratio of 1:1.1 (PEG:peptide) to reduce the impact of disulfide bond formation in the peptide solution on the crosslinking efficiency during cell culture. The gels were allowed to cross-link for 5 min in a 37 C humidified incubator. Hydrogels were then transferred to a 96 well plate containing 150 mL follicle culture media (aMEM, 3 mg/mL bovine serum albumin [MP Biomedicals, Inc., SOLON, OH], 10mIU/mL rFSH [A.F. Parlow, NHPP, NIDDK], 1 mg/mL bovine fetuin, 5 mg/mL insulin, 5 mg/mL transferrin and 5 ng/mL selenium) [15] . Follicles were cultured for 10 days at 37 C in 5% CO 2 , and 75 mL of media was changed every 2 days. Follicle survival and diameter were assessed prior to every media change using an inverted Leica DM microscope with transmitted light and phase objectives. Follicle diameter was measured using ImageJ (NIH, Bethesda, Maryland). Follicles were mechanically retrieved at the end of the culture and matured in aMEM supplemented with 10% FCS, 1.5IU/mL human chorionic gonadotropin (hCG), and 5 ng/mL epidermal growth factor for 16 h at 37 C, 5% CO 2 [16] . Maturation to a metaphase-II (MII) stage was determined by visual confirmation of a polar body on the inverted Leica DM microscope. For confocal microscopy, MII eggs were fixed in 4% PFA and incubated in primary antibody (a/b-tubulin cocktail 1:100; mouse; Sigma) in 4 C overnight, followed by 1-h incubation of secondary antibody (Alexa 488 goat anti-mouse IgG 1:500; Molecular Probes), rhodamine-phalloidin (1:50; Molecular Probes), and DAPI (1:50, Molecular Probes) at room temperature. Eggs were mounted and imaged as previously described [17] .
Statistics
Statistical analysis was performed using ANOVA with a Bonferroni post-test. P < 0.05 was considered significant (Prism, GraphPad).
Results
Precursor functionality and network structure
End-linked cross-linking is illustrated with a widely used hydrogel in regenerative medicine: poly(ethylene glycol) (PEG) modified with acrylate groups, and cross-linked by Michael type addition (MTA) [18] with peptides containing reactive thiol groups on cysteine residues (Fig. 1a,b) [3, 4, 6, 11, 19] . Previously described networks composed of multi-arm PEG macromers and peptides with functionalities of 4 and 2 [11, 19] or 2 and 3 [4] , denoted as 4:2 and 2:3 networks, respectively, could form intramolecular reactions that lead to primary loops (Fig. 1e ,f) that are dead-ends within the context of network formation, as they neither branch nor support linear continuation. These primary loops are thus elastically inactive, and lead to hydrogel swelling, and a subsequent reduction in elastic modulus. A functionality greater than two on both molecules in the gelation reaction ensured that an intramolecular cross-link will contain a functional group that can serve as a branch point (Fig. 1g ), or at a minimum, a linear continuation of the network if two primary cycles occur within the same 4-arm PEG molecule. In our model hydrogel, the PEG macromer was a 4-arm star functionalized with 4 acrylate groups, whereas the peptide has 3 cross-linking sites in the form of cysteine residues that undergo MTA with the acrylate, creating a 4:3 network (Fig. 1g ).
Precursor functionality and hydrogel swelling
The equilibrium mass swelling ratio of hydrogels, Q m , is indicative of defects in the network formation and we prepared PEG gels formed from precursors with different functionalities to test our hypothesis. At low PEG concentrations ( 10%), which most strongly favor intramolecular reactions (Fig. 1c,d ), the presence of the third reactive site on the cross-linker (4:3) substantially reduced swelling relative to networks that form dead-ends (4:2 and 2:3) (Fig. 2a) . The 2:3 network formed with linear PEG-acrylate precursor with Mw ¼ 3.5 kDa did not form hydrogels until the PEG content reached 20% w/v, suggesting that defect formation was limiting at lower concentrations. Note that the average molecular weight between cross-links, M c,ideal , was lowest in the 2:3 network (Fig. 2b) , despite having the greatest swelling ratio; therefore, the FloryeRehner equation, which relates M c,ideal and Q m in ideal cross-linked hydrogels, would predict this network to swell the least. A linear PEG-acrylate molecule with a greater molecular weight of 10 kDa cross-linked with a trifunctional peptide, which would have yielded a M c,ideal comparable to the 4:3 and 4:2 network, did not form a hydrogel under any conditions. For the 4:3 and 4:2 hydrogels, the molecular weight of PEG was large relative to the cross-linking peptide; thus, the average molecular weight between cross-links predicted for ideal conditions was similar, (Fig. 2b) and the FloryeRehner equation predicts similar levels of swelling for these two networks. However, the 4:3 network had decreased swelling relative to the 4:2 network (Fig. 2a) , and as the PEG concentration was increased, the difference in swelling between the 4:3 and 4:2 hydrogels decreased, with the difference in swelling between the 4:3 network and the 4:2 network being 4-fold greater at 3% PEG content than at 20% PEG. This differential swelling supports the hypothesis that more elastically active primary loops enhanced network formation under cross-linking conditions that favor defect formation.
Hydrogel properties under physiological conditions
Designing hydrogels for cell encapsulation must balance the need to obtain the desired physical properties with the need to maintain cell viability, which may be contradictory. Synthetic hydrophilic polymers can be formed into hydrogels through endlinked cross-linking, under encapsulating conditions that are nontoxic to cells [11] . The enhancement of network formation at low solids content and short gelation time was investigated using physiological buffer conditions necessary for cell encapsulation, which reduces the cross-linking efficiency and can favor defect formation. For cell encapsulation, a PEG modified with vinyl sulfone (VS) was used along with adjustment of the buffer conditions (HEPES, pH 7.4) for decreased cytotoxicity to ovarian follicles. Swelling tests were performed for varying cross-linking times (Fig. 3a) . For a 10 min cross-linking period, only hydrogels with a 4:3 network had sufficient integrity to withstand overnight swelling. For cross-linking times greater than 30 min, swollen hydrogels could be formed for both the 4:3 and 4:2 networks; however, the 4:2 network had greater swelling (2.1 fold) at all time points. Additionally, under the same physiological conditions, the 4:3 network formed hydrogels at lower PEG concentrations than the 4:2 network (Fig. 3b,c) . Taken together, these results demonstrate that the 4:3 network can produce hydrogels under physiological buffer conditions (Fig. 3d) , and decrease the gelation time. This decrease in gelation time is supported by FloryeStockmayer statistics, which predict that increasing the functionality of both of the end-linked macromers will decrease the extent of reaction where the gel point will be reached during ideal cross-linking.
Follicle development in a 4:3 network
For follicle encapsulation, PEGeVS based hydrogels were used because degradation will be solely proteolytic, whereas a PEG-Ac hydrogel will be hydrolytically labile. Follicles encapsulated in 4:2 network had a normal morphology after encapsulation in 10% and 20% solid content hydrogels if encapsulation was done in a TEA based buffer (Fig. 4a,d ) that allows faster Michael type addition crosslinking than a biological buffer such as HEPES. However, after 1 day of culture the encapsulated follicles appeared dark, the oocyte membrane was lost and follicles did not grow (Fig. 4b,c,e,f) . The deterioration of the follicle morphology may be due to the surfactant properties of TEA, which motivated the use of a less reactive buffer.
However, a less reactive buffer will decrease the cross-linking efficiency during network formation. Therefore, to form hydrogels, a higher concentration of polymer must be used to obtain the desired material properties. Exposure to a 10% or 20% w/v PEG solution visibly diminished follicle morphology within 10 min (Fig. 4gej) , and it took up to 30 min to form a 10% w/v hydrogel with a 4:2 network (Fig. 3a) , motivating the need for rapid gelation at low concentrations of PEG. PEG molecules are freely soluble before they become entrapped in a network and may act as a dehydrating agent [20] . Thus, a short cross-linking time at a low solid concentration is essential for maintaining follicle health and viability. The use of a 4:3 network in HEPES buffer conditions enabled successful encapsulation of the ovarian follicles in lower solids concentration hydrogel (5% w/v) and follicles survived and developed to a normal appearing antral follicle in 10 days of culture (Fig. 4ken ). The 4:3 network permitted the use of both a mild buffer and a low polymer content with uncompromised rapid encapsulation (<5 min) and the desired material properties, while the 4:2 network did not form under these encapsulation conditions. . At all concentrations, a 4:3 network swells the least, but at concentrations in which primary loop formation would be most favored (3%), the difference in swelling is greatest. Cross-linking reactions occurred at the pH with the lowest swelling, in agreement with published conditions [2, 3] , to minimize effects of different peptide chemistries. An infinity symbol indicates that a hydrogel either did not form or dissolved during overnight swelling. Error bars are one standard deviation. * Indicates P < 0.001 relative to 4:3 network. (b) Ideal molecular weight between cross-links (M c,ideal ) for the hydrogels. Note that the trifunctional peptide has slightly asymmetric cross-links, which is not accounted for in this model.
Degradation rate and follicle development
The sequence of the plasmin substrate was investigated as a means to tune the rate of hydrogel degradation to follicle expansion.
Follicles were individually encapsulated in 5% w/v 4-arm PEGeVS and cross-linked with peptides containing 3 cysteine residues and two plasmin degradation sequences. Three plasmin substrate sequences (YKNR, YKNS, and YKND) with varying degradation rates Fig. 4 . Influence of chemical and osmotic stress on follicles during encapsulation and follicle growth in optimized cross-linking conditions. a,f Exposure of ovarian follicles to a triethanolamine (TEA) buffer, rather than HEPES, during encapsulation severely impacts viability. (a,d) Although follicles appear healthy immediately after encapsulation, (b,e) by day 2 the same follicles appear necrotic. (c,f) Follicles do not recover from damage induced by TEA (day 10 of culture shown). g-j, Ovarian follicles suspended in (g,h) 10% or (i,j) 20% PEG solution without the cross-linking peptide lose their normal morphology within 10 min, possibly due to osmotic pressure induced by the PEG. Notably, the membrane of the oocyte (Oo) (h,j) has lost it spherical shape. The extent of morphological change was dependent on the concentration of PEG and time of exposure, suggesting that a low concentration of PEG and a rapid gelation will be more permissive to ovarian follicle encapsulation. k-n, Morphology of a healthy ovarian follicle (k) following encapsulation: a central oocyte (Oo) surrounded by granulosa cells (GC). (l,m) After several days, proliferation of GCs is observed, (n) and after 10 days, follicles have formed an antral cavity in addition to the GC proliferation (white asterisks). The follicles were cultured in the YKNS (intermediate degradation rate) condition. Scale bars are 100 mm.
were tested (fast, intermediate, and slow, respectively), as well as a non-degradable sequence containing D-isomeric amino acids (Y D KN D R) [12] . Follicle growth and morphology was used to evaluate the degradation conditions. Successful follicle maturation was assessed by antrum formation, which is fluid-filled cavity whose presence correlates with effective oocyte maturation and fertilization in vitro [15] . After ten days of culture (Fig. 5a) , follicles encapsulated within the YKNS plasmin substrate (intermediate degradation rate) expanded 17-fold in volume and had consistently formed an antrum (69%), whereas the less degradable conditions (YKND and Y D KN D R) had less than 12-fold volumetric expansion, and were unable to form antral cavities at a comparable rate (<17%) (Fig. 5cef) . The YKNR plasmin substrate degraded too rapidly, resulting in displacement of the follicle from the hydrogel and subsequent adhesion to the culture plate. This adhesion to the culture plate induces migration of the somatic granulosa cells from the oocyte, disrupting the 3D follicular architecture [21] (Fig. 5b) . Oocytes from the YKNS condition, which demonstrated healthy follicle development throughout ten days of culture (Fig. 4ken) , were competent to undergo in vitro maturation (IVM), a simulation of ovulation, to yield fertilizable eggs arrested at metaphase-II (MII) at a rate of 89% AE 10 ( Fig. 5g,h ). This rate is comparable to IVM rates for oocytes grown to maturity in vivo following hormonal stimulation [22] , suggesting that the biomaterial and encapsulation conditions supported oocyte development and its competence for maturation.
Discussion
Hydrogels can have physical properties similar to native extracellular matrix and can promote tissue growth as a 3D environment for cellular encapsulation; however, finding conditions that allow gel formation while maintaining cellular viability is challenging. In this report we present that the functionality of the precursors can significantly enhance network formation, resulting in fewer defects, which is particularly critical for cross-linking conditions that maintain cell viability during encapsulation.
Ideal end-linked cross-linking during hydrogel formation (Fig. 1 ) is described by the FloryeRehner equation, which predicts massequilibrium swelling (Q m ) based on the average molecular weight between cross-links, M c,ideal [2] . PEG hydrogels, however, do not exhibit behavior that is predicted by the FloryeRehner equation below a 50% PEG content [2] , and the gel swelling increased monotonically as the polymer solids content decreased (Fig. 2 ) and as the cross-linking time decreased (Fig. 3) . This trend in swelling is indicative of network defects, such as primary loops, because a decline in cross-linking efficiency induces swelling due to a reduction in network elasticity. Decreasing the solids content would be expected to increase the number of elastically inactive primary loops (Fig. 1c,d) , which results from the decreasing global concentration of reactive groups, yet a stable local concentration of intramolecular reactive groups (Fig. 1a,b) [2] . Incorporation of a third cross-linking site on the peptide cross-linker introduced an additional branch point for the cross-linking reaction, rather than a network "dead end", resulting in decreased swelling. Uncontrolled swelling that results from the defects in the network formation can affect the concentration of the incorporated biological cues, and influence the physical environment of the encapsulated cells. Taken together, the differential swelling between the hydrogel formulations and the theory illustrates the opportunity for network design in non-ideal cross-linking conditions.
Ovarian follicle culture is being investigated as a means to preserve fertility for females facing premature ovarian failure as a consequence of chemotherapy treatment or other reproductive pathology [9] . Previous culture systems have successfully utilized natural biomaterials, such as alginate, to encapsulate and culture immature mouse ovarian follicles to yield live, fertile offspring [23] . Alginate, however, is not degradable on the time scale of follicle culture [24] ; thus, as follicle expansion displaces the surrounding hydrogel, the material will exert an elastic, compressive force on the follicle that may restrict its expansion [15] . During mouse folliculogenesis, the volumetric expansion of the follicle is approximately 300-fold, starting at 120 mm in diameter and reaching 400 mm in diameter at its mature stage. Human follicles start at a similar initial diameter, yet reach 5e18 mm in diameter, a volumetric increase 10 5 -fold. Presently, human follicles are unable to expand larger than 700 mm in vitro [25] , potentially due to the compressive force imparted by the non-degradable hydrogel as the follicle expands. New materials are required to accommodate the significant increase in follicle volume, while preserving the 3D architecture. In contrast to alginate, the PEG hydrogels degrade in response to proteases [19] secreted by the follicle during culture, thereby creating the space for follicular expansion without producing the compressive force that can limit growth. Synthetic environments with tunable properties provide a tool to shed light on the basic biology of follicle development and may enable the development of a culture system that can be translated between species.
Matrices for follicle culture must enable easy encapsulation with retention of viability, pore size that allows transport of nutrients and hormones toward and away from the follicle, permit follicle expansion, and enable follicle collection at the end of culture. Naturally occurring biomaterials, such as collagen and fibrin have the advantage of intrinsic biological activity, however, these materials are complex and difficult to modify for desired physical properties, such as degradation. UV cross-linked hydrogels have the advantage of fast and efficient network formation. However, the necessity of using photoinitiator and light source raises the question of germline mutagenesis and the difficulties in human epidemiological studies involving germ cells and animal data extrapolation [26] . PEG hydrogels formed by MTA at 4:2 functionality ratios presented several limitations, such as the PEG dehydration effect [20] during the extended time required for network formation, as well as the potentially harmful buffer conditions. Introduction of an increased functionality in the network (4:3) resulted in rapid gelation that reduced the time follicles were exposed to the unreacted PEG in solution, and enabled the use of a more cell compatible buffering condition.
Tunable degradation of the plasmin sensitive PEG gels was achieved by using peptide sequences with different plasmin sensitivity. The hydrogel degradation occurred only around the follicles forming a soft pocket inside otherwise rigid matrix, suggesting that the cell-mediated proteolysis was localized to the follicleematerial interface. A tightly regulated balance between plasminogen that originated from media components and the activated plasmin could be responsible for the localized degradation. Building a library of peptides with varying plasmin sensitivity allows matrix design that can be adjusted not only to the follicle stage and culture duration, but also to different species with varying plasmin activity. Furthermore, peptide sequences sensitive to other proteases, such as MMP-1 or MMP-13 [27] can be utilized with the 3-arm peptide chemistry presented in this work.
Conclusions
While the chemistry of cross-linking has been a primary focus of hydrogel design, we report that the functionality of the polymer and cross-linker can enhance network formation leading to decreased swelling and gelation times. MTA cross-linked PEG hydrogels are typically formed under non-ideal conditions (e.g., low solids content, buffer conditions) that favor the formation of defects. The functionality of the polymer and cross-linker can be designed to provide elastically active primary loops, which maintain a reactive site regardless of whether intra-or intermolecular reactions occur. Using an ovarian follicle culture system, we demonstrated that the degradation rate in a synthetic material can regulate coordinated tissue development with degradation initiated by the follicle to influence its local environment. This enhanced network design can be extended to other hydrogel systems in order to regulate the physical properties and facilitate their application to regenerative medicine.
